LnDOTA-tetraamide complexes have been widely studied as paramagnetic chemical exchange transfer (paraCEST) contrast agents owing to their slow-to-intermediate water-exchange kinetics.^[@ref1]−[@ref3]^ Slow water exchange between a Ln^3+^-bound water molecule and bulk water combined with a large lanthanide-induced paramagnetic shift (LIS) in the bound water resonance are highly beneficial for CEST imaging applications. In some cases, dissociation of the Ln^3+^-bound water molecule is so slow that the bound water resonance can be observed by high-resolution ^1^H NMR.^[@ref4],[@ref5]^ This slow water-exchange resonance can be selectively saturated using various frequency-selective RF schemes to reduce the intensity of the bulk water pool of protons following chemical exchange.

LnDOTA-tetraamide complexes can adopt either the monocapped square-antiprismatic (SAP) or monocapped twisted square-antiprismatic (TSAP) geometry, which interconvert by a macrocylic ring flip or rotation of the pendant arms.^[@ref6],[@ref7]^ The more compact nature of the SAP isomer results in a larger LIS in the proton resonances and slower water exchange, often up to 2 orders of magnitude slower than that in the TSAP isomer.^[@ref8],[@ref9]^ Hence, LnDOTA-tetraamide chelates that predominantly adopt the SAP geometry are highly preferred for paraCEST applications. While only a few methods for controlling the coordination geometry of LnDOTA-like chelates have been reported,^[@ref10]−[@ref12]^ the majority of the LnDOTA-tetraamide complexes studied as paraCEST agents exist in solution as a mixture of SAP and TSAP isomers. The CEST signal from the SAP isomer is assumed to be independent of the presence and kinetics of water exchange in the TSAP isomer. Bloch simulations reported by Woessner et al.^[@ref13]^ predict that the mere presence of a fast-exchanging proton or water molecule in a system will impact the CEST efficiency of a slower-exchanging component. In this work, we sought to evaluate the magnitude of this effect experimentally by measuring the CEST properties of samples containing variable amounts of SAP \[Eu-(**1**)\] versus TSAP \[Eu-(**2**)\] species (Chart [1](#cht1){ref-type="chart"}).

![Structures of the Eu^3+^ Complexes Used in This Study](ic-2014-01290q_0002){#cht1}

High-resolution ^1^H NMR spectroscopy was used to quantify the relative amounts of the SAP and TSAP isomers by taking advantage of the known chemical shifts of their respective macrocyclic axial ring protons (H~4~ protons). For Eu^3+^DOTA-tetraamide chelates, an H~4~ proton resonance near 25 ppm is characteristic of the SAP isomer, while a resonance near 10 ppm signifies the presence of the TSAP isomer. Integration of the area under these peaks followed by normalization provided the relative proportion of each coordination isomer for each of the pure Eu-(**1**) and Eu-(**2**) complexes (Figure [1](#fig1){ref-type="fig"}).

![High-resolution ^1^H NMR spectra of Eu-(**1**) (top) and Eu-(**2**) (bottom) showing the relative amounts of SAP and TSAP isomers. Spectra were recorded in D~2~O at 298 K and 400 MHz.](ic-2014-01290q_0003){#fig1}

It is evident that the populations of the SAP and TSAP isomers in the two samples are dramatically different, with Eu-(**1**) existing mostly as the SAP isomer (\>99%) and Eu-(**2**) predominantly adopting the TSAP geometry (∼78%). This preference for the TSAP isomer was ascribed to the increased steric demand at the lanthanide ion brought about by the bulkiness of the amide heptyl groups.^[@ref14]^ The slow water-exchange kinetics and larger Eu^3+^-bound water chemical shift of the SAP isomer indicate that Eu-(**1**) would exhibit more favorable CEST properties because it preferentially adopts this coordination geometry.

CEST spectra of five aqueous samples containing varying proportions of Eu-(**1**) and Eu-(**2**) were recorded at pH 7 and 298 K (Figure [2](#fig2){ref-type="fig"}a). The total Eu^3+^ concentration and the sample volume were maintained at 20 mM and 500 μL, respectively, to maintain constant bulk water proton *T*~1~ and *T*~2~ values. For comparison purposes, CEST spectra of four samples containing different concentrations of only Eu-(**1**) were also recorded (Figure [2](#fig2){ref-type="fig"}b). In a qualitative sense, the addition of the more rapidly exchanging Eu-(**2**) species to the more slowly exchanging Eu-(**1**) species has an impact on both the line width and intensity of the Eu-(**1**) exchange peak at 55 ppm (parts a vs b in Figure [2](#fig2){ref-type="fig"}). Figure [2](#fig2){ref-type="fig"}b shows the effect of simple dilution of Eu-(**1**) for comparison. It is noteworthy that the width of the bulk water peak (at 0 ppm) also broadens as more Eu-(**2**) is added, whereas simple dilution of Eu-(**1**) alone results in a sharpening of this peak. These observations show that the bound water CEST signal from the SAP isomer of Eu-(**1**) is indeed influenced by the presence of a second rapidly exchanging chemical species.

![(a) CEST spectra of aqueous solutions containing different proportions of Eu-(**1**) and Eu-(**2**) with \[Eu^3+^\] = 20 mM. (b) CEST spectra of Eu-(**1**) at different concentrations in the absence of Eu-(**2**). Spectra were recorded at 298 K, pH 7, *B*~1~ = 18.8 μT, and saturation time = 6 s.](ic-2014-01290q_0004){#fig2}

The CEST spectrum of Eu-(**2**) alone (Figure [2](#fig2){ref-type="fig"}a) does not show distinct water-exchange peaks from either the minor SAP isomer (∼22%) or the major TSAP isomer (∼78%) but rather shows an asymmetric bulk water peak with a broad component on the low-field side. Such CEST spectra are characteristic of samples that contain only fast-exchanging water species.^[@ref15],[@ref16]^ This observation confirms that water exchange in both the SAP and TSAP isomers of Eu-(**2**) occurs much more rapidly in this complex than in Eu-(**1**).

Next, we tested whether the qualitative changes observed in the CEST spectra of Eu-(**1**) would result in the quantitative evaluation of water-exchange rate constants as determined by two common methods.^[@ref13],[@ref18]^ The CEST spectrum of 100% Eu-(**1**) was first fit to the Bloch equations^[@ref13]^ with three exchanging pools (the SAP-bound water, the amide protons, and bulk water). This fit gave a bound water lifetime of 154 μs, identical with the value previously reported for this compound at the same temperature.^[@ref18]^ It was found that including the exchanging amide protons as a separate pool in the model had little impact on the measured water-exchange rate constant, likely because the amide protons are not shifted far from the bulk water peak.

The water-exchange kinetics of Eu-(**1**) were then assessed using the Bloch equations in samples containing Eu-(**2**) as well. CEST spectra were fit to similar three-pool Bloch exchange models: bulk water, the SAP-bound water pool, and the invisible TSAP-bound water pool. In each case, the results of the fitting suggest that water exchange in Eu-(**1**) accelerates as more Eu-(**2**) is added (Figure [3](#fig3){ref-type="fig"}); the calculated water-exchange rate constant for Eu-(**1**) was up to 30% higher at the highest concentration of added Eu-(**2**).

![Comparison of water-exchange rate constants for the SAP isomer of Eu-(**1**) as obtained by fitting of the CEST spectra (*B*~1~ = 18.8 μT) to the Bloch equations (two models) and by use of the omega plot method.](ic-2014-01290q_0005){#fig3}

Previous studies of Eu-(**1**) showed that the CEST spectrum from the Eu^3+^-bound water exchange is constant between pH 5--8 so catalysis by some undefined prototropic exchange mechanism is unlikely.^[@ref17]^ It seems probable that water exchange in the SAP isomer of Eu-(**1**) is actually constant with or without Eu-(**2**), but it is the fitting procedure that is the source of the variable calculated water-exchange rate constants. To test this, water-exchange rate constants for the SAP isomer of Eu-(**1**) were also measured using the concentration-independent omega plot method.^[@ref18]^ Here, an evaluation of the water-exchange rate constant is based solely on changes in the CEST intensity as the power of the applied *B*~1~ pulse is varied. The resulting omega plots for the four samples containing variable amounts of Eu-(**1**) and Eu-(**2**) are shown in Figure S4 in the [Supporting Information](#notes-1){ref-type="notes"}, and the calculated water-exchange rate constants are represented by the points on the blue line (Figure [3](#fig3){ref-type="fig"}). It is evident from these data that water exchange in Eu-(**1**) is not only independent of the concentration as expected for a dissociative water-exchange mechanism but also independent of the presence of the faster water-exchange species, Eu-(**2**). These results reflect a limitation in the way the Bloch model calculates exchange rate constants from CEST spectra.^[@ref13]^ The exchange rate constants determined by Bloch fitting are heavily influenced by the width of each CEST exchange peak including that of bulk water. The effect of adding Eu-(**2**) to a sample of Eu-(**1**) was to shorten the *T*~2~ of bulk water and therefore increase the width of the bulk water-exchange peak. This resulted in improper fitting by the Bloch fitting method to yield rate constants up to 50% too large. The concentration-independent omega plot method provides a more direct measure of water-exchange rate constants for the species in question in the presence of other rapidly exchanging species. These results have implications for in vivo applications of paraCEST agents because there will always be several fast-exchanging proton species in tissue. In this case, the omega plot method is the obvious method of choice to measure water-exchange kinetics.

Experimental details, CEST spectra, and omega plots. This material is available free of charge via the Internet at <http://pubs.acs.org>.

Supplementary Material
======================

###### 

ic501290q_si_001.pdf

The authors declare no competing financial interest.

The authors acknowledge financial support from the National Institutes of Health (Grants CA-115531, RR-02584, and EB-00482) and the Robert A. Welch Foundation (Grant AT-584).
